Abstract. Arsenic is well documented as a chemotherapeutic agent capable of inducing cell death; however, it is also considered as a human carcinogen. Although it has recently been shown that arsenite exposure can potentiate genotoxicity, little is known about its global effects exerted in cells at the proteome level. Immortalized human small airway epithelial cells exposed to arsenite were used to identify phosphoproteins of two major signaling cascades, such as the human phospho-receptor tyrosine kinase (Phospho-RTK) and the mitogen-activated protein kinases (MAPKs). These two arrays included several phosphoproteins, such as EGFR, ErbB2, ErbB4, InsulinR, Flt-3, extracellular signal-regulated kinases (ERK1/2), intracellular kinases such as AKT, GSK-3, c-Jun N-terminal kinases (JNK1-3) and different p38 isoforms (·/ß/‰/Á). In arsenite-treated cells, phosphorylation of EGFR, InsulinR and Flt3R showed an increase when compared to their non-arsenite treated counterparts. Inhibitors of these proteins further confirmed the involvement of such proteins in the neoplasm transformation of arsenite-treated human small airway epithelial cells as seen in changes in plating efficiency, anchorage-independent growth and proliferation rate. It can be concluded that analysis of phosphoprotein by using phosphoproteomic profiling can be very useful to understand the mechanism of arsenite-induced carcinogenesis.
Introduction
Arsenite is well documented as a chemotherapeutic agent capable of inducing cell death, while at the same time, it is also considered as a known human carcinogen (1, 2) . Epidemiological studies have shown that chronic exposure to arsenite is common in living environment which results in liver injury, peripheral neuropathy, keratosis, and increased incidence of cancer in the lung, skin, bladder and liver (3) . Human cells are more sensitive to arsenite than other species due to a lower efficiency of arsenite methylation in humans (4) . A close relationship between exposure to arsenite and increasing incidence of cancer in different countries where people are prone to arseniasis has been established (5) (6) (7) (8) (9) . The importance of the toxicological effect of this chemical places it among the top priority hazards in the world (10, 11) . Unlike many other carcinogens, arsenite is more likely to behave as a mutagenic substance since not only can it cause point mutations, but it has also been shown to induce large deletion mutations (12) . These multi-locus deletions are incompatible with cell survival and measurements at gene loci that are closely linked to essential genes. Accumulating evidence has shown that arsenite exposure induces chromosomal aberration, aneuploidy and micronuclei formation, suggesting that arsenite and its derivatives may play a role in tumor promotion (13) .
Carcinogenic effects of arsenite act principally via an epigenetic mechanism. It has been shown that arsenite can induce reactive oxygen species production and cause DNA damage (13) (14) (15) (16) . It may also interfere with the DNA repair system or DNA methylation state, induce inhibition of p53, increase cell proliferation, and alter signal transduction pathways that lead to the activation of transcription factors (17) (18) (19) (20) . However, knowledge on the exact carcinogenic mechanism and valid model systems for this compound is still lacking, which creates even more concern for adverse potential of this important environmental pollutant (21) .
Although recent studies have suggested that arsenite exposure can cause genotoxicity, little is known about the global effects exerted in cells at the proteomic level. Proteomics has been demonstrated to be a powerful tool in the study of functional proteins in systems under certain pathogenic and toxic conditions in response to drugs (22, 23) . Phosphoproteomics, a subdivision of proteomics, is specifically dealing with dynamics of intracellular protein phosphorylation (24 (24, 25) which can be used to analyze differentially expressed phosphoproteins by comparing them in a two-dimensional array. Several receptor tyrosine kinases such as EGFR, InsulinR, Flt3R, and proteins within the MAP-kinase pathways such as ERK1/2 and AKT that ultimately lead to neoplastic progression of cells were analyzed (27, 28) and showed that there was activation by arsenite exposure. Immortalized human small airway epithelial cells by ectopic expression of telomerase were used to analyze the phosphoproteomes of two major signaling cascades, such as the human phosphoreceptor tyrosine kinase (Phospho-RTK) pathway and the mitogen-activated protein kinases (MAPKs) with antibody phosphoproteome arrays to identify key components that were regulated during the course of arsenite-induced carcinogenesis. The Phospho-RTK included EGFR, ErbB2, ErbB4, InsulinR-1, IGFR-1, and Flt3. The MAPKs included extracellular signal-regulated kinases (ERK1/2), intracellular kinases such as AKT, GSK-3, p70 S6, c-Jun N-terminal kinases (JNK1-3) and different p38 isoforms (·/ß/‰/Á). Therefore, studying the proteome of these two major signaling pathways is likely to contribute to a better understanding of mechanisms related to arsenite-induced carcinogenesis.
Materials and methods
Cell culture. SAEC h-TERT immortalized cells were cultured in SAGM medium supplemented with various growth factors supplied by the manufacturer (SAGM SingleQuots, Cat #: CC-4124, Cambrex Bio Science Walkersville, Inc., Walkersville, MD) and maintained at 37˚C in a humidified 5% CO 2 incubator. There were 4 experimental groups: 1) SAEC cells as control group (Ctrl); SAEC cells cultured in the presence of 2) 0.5 μg/ml sodium arsenite for 3 months, designated as SAEC-A0.5-3M; 3) 2.0 μg/ml sodium arsenite for 3 months, designed as SAEC-2.0-3M; and 4) 0.5 μg/ml sodium arsenite for one year, designated as SAEC-A0.5-1Y.
Growth kinetics and plating efficiency assay. To determine the effect of arsenite on growth rate and saturation density, control SAEC, SAEC-A0.5-3M, SAEC-A2.0-3M and SAEC-A0.5-1Y cells were plated at a density of 2x10 5 cells from exponentially growing cultures and were replated in 60-mm diameter dishes. At each time point, triplicate dishes from each group were trypsinized and total number of cells per dish was determined. Plating efficiency (PE), a measure of the number of colonies originating from single cells, was used for determining the effects of arsenite treatment. PE was determined by the following formulae: PE (%) is equal to the number of colonies counted divided by the number of cells inoculated and multiplied per 100.
CyQuant cell growth assay. Proliferation was assessed by CyQuant NF cell proliferation assay kit (Invitrogen). Briefly, cells were cultured in a 96-well plate overnight. Then cells were washed with PBS and incubated for 1 h by addition of fluorescence dye. Fluorescence intensity was measured with excitation at 485 nm and emission detection at 530 nm on an automatic microplate reader (Biotek Instruments, Inc., Winooski, VT). A preliminary study with the proliferation assay showed that absorbance was directly proportional to the number of cells. Data were determined as proliferation rate measured by fluorescence density.
Anchorage-independent assay. To test for soft-agar colony growth capacity, all the control and sodium arsenite treated SAEC cells were plated at a density of 1x10 3 cells in 1 ml of 0.35% agarose over a 0.7% agar base in a 24-well culture plate. Cultures were fed every 3 days and colonies with >50 cells were scored after 4 weeks in cultures under a dissecting microscope.
Preparation of cell lysate for proteomic profiling. To identify the phosphoproteomic profiles, the Proteome Profiler™ antibody array of human phospho-RTK and human phospho-MAPK array kits (R&D Systems, Inc. Minneapolis, MN) (25, 29) were used. Cell lysates from control and arsenitetreated SAEC were prepared by rinsing initially with PBS solution and then dissolved at ≥1x10 7 cells/ml in lysis buffer 6 (R&D Systems, Inc.) and kept at 2-8˚C for 30 min. It was then centrifuged at 14,000 x g at 4˚C for 5 min and the supernatant was transferred to a new Eppendorf tube and put onto ice prior to use. The protein concentration was also determined at this stage by using the Bio-Rad total protein assay kit (Bio-Rad, Hercules, CA). About 100-300 μg of lysate with a maximum allowable lysate volume of 250 μl/ array was used immediately for this purpose. Any extra lysate was aliquoted and stored at -70˚C for future use. A 5:1 ratio of array buffer 1 (R&D Systems, Inc.) to lysis buffer 6 was used for optimal assay performance.
Differential array hybridization. Array buffer 1 (1.5 ml) was used in each well of the 4-well multi-dish. One array was placed into each well with array number faced upward and incubated for 1 h on a rocking platform shaker at room temperature. Desired quantity of lysate was mixed with 1.25 ml of array buffer 1 and lysis buffer 6 to a total volume of 1.5 ml in a separate tube. Then, array buffer 1 was removed from each well and filled with a lysate volume of 250 μl/array and continue the incubation overnight at 2-8˚C on the rocking platform shaker. After that each array was removed from the 4-well multi-dish, placed in individual plastic container and washed with 20 ml of 1X wash buffer by soaking for 10 min with continuous shaking and the process was repeated successively 3 times. The 4-well multi-dishes were rinsed thoroughly with deionized water and dried. After washing, each array membrane was again placed in the well. For each array, 15 μl of detection antibody cocktail concentrate was diluted to 1.5 ml with 1X array buffer 2/3 and added per well, incubated for 2 h at room temperature with shaking. The arrays were then washed as mentioned earlier. Streptavidin-HRP (1:2000) was diluted in 1X array buffer 2/3 and 1.5 ml of it was added into each well. Then the arrays were carefully removed from wash buffer (with complete draining of excess wash buffer) and put back to each well of the 4-well multidish containing the diluted Streptavidin-HRP, covered with the lid, and incubated for 30 min at room temperature with shaking. Arrays were again washed as mentioned earlier.
Chemiluminescence detection. Each array was removed from the wash buffer, allowed to drain completely and covered with a plastic sheet protector. Each array membrane was covered with 1.0 ml of chemiluminescent substrate and incubated at room temperature for 2-5 min. The membranes were taken out and completely drained of chemiluminescent reagent, covered with swaron wrap and exposed to X-ray film (Kodak BioMax MS film; Kodak Corp., Rochester, NY) with a corresponding intensifying screen at room temperature, for multiple exposures of 1-5 min.
Quantification of hybridization array. Quantification of hybridization signals on the expression array membranes was carried out by exposing the autoradiographic film in a densitometric scanner (model 300A; Molecular Dynamics, Sunnyvale, CA). It was then estimated both with the ImageQuant (Molecular Dynamics) and ScanAlyze program (Eisen Lab). Volume quantification was performed by calculating the volume under the surface created by a threedimentional plot of pixel locations and pixel values as described (30) .
All raw signal intensities were corrected for background by subtracting the signal intensity of a negative control or blank. Results were also normalized to that of three pairs of positive control spots in the corner of each array. These corrected, normalized signals can then be used to estimate the relative abundance of particular phosphorylated proteins. To delineate the potential signal interference between adjacent strong hybridization signals, equal-sized ellipses were drawn around each signal area (hybridization spots) using software (ImageQuant/ScanAnalyze) and was then separately scanned and compared with positive control spots, so the chances of interference between adjacent strong hybridization signals were minimized.
Normalization of the expression levels of different phosphorylated proteins from multiple autoradiographic exposures between different hybridization experiments were done by taking the average signals of each of the positive control spots. Data from high intensity spots were chosen for further use. Median background was subtracted, and signals that were <1.5-fold above background level were considered too low to accurately measure and were omitted from the analysis. Signals for each protein spots were also normalized to the geometric mean of the expression level of that protein across the set of membranes being compared. Mean signals were calculated from two measurable spots, or if one of the two spots were measurable.
Western blot analysis. Protein was extracted by lysing the cells in extraction buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate and 1 mM phenylmethylsulfonyl fluoride). The protein concentration was determined by Bio-Rad protein Assay (Bio-Rad). Equivalent amounts of protein (30 μg) were fractionated by electrophoresis in SDS-polyacrylamide gel. The protein was subsequently transferred to PVDF membranes under semidry conditions. Antibodies for different RTKs and MAPKs (Santa Cruz Biotechnology, Inc.) were applied to probe the membranes. The secondary antibodies (anti-rabbit or antimouse) (Amersham Biosciences, Piscataway, NJ) were conjugated to horseradish peroxidase (dilution 1:5000-1:10000). Signals were detected using the ECL system (Amersham Biosciences) (31). Treatment with specific inhibitors of tyrosine kinase receptor.
(Sigma-Aldrich, St. Louis, MO) is a dual-specific inhibitor of both EGFR and ErbB2 and is able to effectively reduce TPAinduced AKT phosphorylation as well as TPA-stimulated EGFR and ErbB2 tyrosine phosphorylation in a dosedependent manner. The working concentration was 1 μM. The HNMPA inhibitor (hydroxy-2-naphthalenylmethylphosphonic acid (Biomol International, L.P., Plymouth, PA) is an insulin receptor with no effect on protein kinase C or cyclic AMP-dependent protein kinase activities but inhibits both the receptor serine and tyrosine phosphorylation. The working concentration was 100 μM. Lastly, 2-(3,4-dimethoxybenzoylamino)-4,5,6,7-tetrahydro-benzothiophene-3-carboxylic acid (Sigma-Aldrich) was used as an inhibitor for Flt3R and the working concentration was 1 μM.
Results
The h-TERT immortalized SAEC cells were treated with different doses of arsenite for both short and long periods of time to study phenotypic alterations. Cells grew as a contactinhibited monolayer with a population doubling time of ~24 h. At confluence, these cells had a saturation density of~1 .19x10 5 cells/cm 2 dish (26). The cells were continuously treated with sodium arsenite at 0.5 μg/ml for ~3 months or 1 year or with 2.0 μg/ml for ~3 months. The growth rate of arsenite exposed SAEC cells (Fig. 1A) indicated that there was an exponential phase of 3 to 7 days and reaching a plateau after 9 days. Both control and cells treated with different doses of arsenite grew in the same manner. Arsenite-treated cells grew much faster in comparison with the non-treated control. Long-term treatment showed more pronounced growth compared to short-term arsenite treatment. Saturation density for long-term treated cells increased almost 1.5-fold compared to control in the same duration of time. For short-term treatments, higher concentration of arsenite treatment gave slightly higher growth rate compared to lower concentration of arsenite treatment. Such results indicated that in short-term (e.g., 3 months), changing concentration of arsenite from low dose (0.5 μg/ml) to high dose (2.0 μg/ml) only had modest effect on cell growth. Similarly, plating efficiency (Fig. 1B) also changed in a dose-and duration-dependent manner. Plating efficiency of arsenite-treated cells increased from 11 to 22% for long-term (e.g., 1 year) arsenite treatment compared to control, non-treated cells. The plating efficiency of SAEC treated with 0.5 μg/ml and 2.0 μg/ml arsenite in short-term (e.g., 3 months) was increased to 13 and 18%, respectively. Anchorage-independent growth ability of the arsenite-treated SAEC cells was also altered in a dose-and time-dependent manner. There was a significant difference in the number of colonies for arsenite-treated cells in comparison to control. There was no formation of colonies in soft-agar in control cells; however, there was an increase in the number of colonies with 0.5 and 2.0 μg/ml arsenite for 3 months scored as 28 and 24%, respectively (Fig. 1C) and a dramatic increase in this anchorage-independent growth in long-term treatment (0.5 μg/ml, 1 year).
Since arsenite treatment altered the growth rate, plating efficiency and anchorage-independent growth of SAEC, the phosphoproteomic profiles of phospho-RTKs and phosphoMAPKs in the arsenite-treated SAEC cells in parallel with non-arsenite exposed control ( Fig. 2A-D) were analyzed. Results indicated that there were significant changes in phosphorylation status of many RTK members. In Fig. 2 it can be observed that most of these alterations were upregulated several fold when treated with different doses of arsenite for different period of time, such as EGFR, ErbB2, ErbB4, InsulinR-1, IGFR-1 ( Fig. 2A) , and Axl, HGFR (Fig.  2B) as seen by the relative density (arbitrary units). However, phosphorylation of certain RTKs such as MSPR and ErbB4 remained relatively unchanged in the same array ( Fig. 2A  and B) . In a separate array, significant changes in many phospho-MAPK members were observed (Fig. 2C) . Interestingly, MAPKs that are closely related with neoplastic progression of cells such as ERK1/2 and AKT1 exhibited the most dramatic changes. The up-regulation of phospho-MAPKs increased several fold when treated with different doses of arsenite at different period of time. Some MAPKs, on the other hand, showed a decrease at the phosphorylation level post arsenic exposure, such as GSK3 ·/ß and GSKß (Fig. 2D) . To confirm changes in phosphorylation levels in the altered arsenite-treated cells, EGFR, Insulin R, Flt-3R, AKT1 and ERK1 were analyzed by Western blotting. Significant increase in protein expression was found in the phosphorylation in these proteins in comparison with the control SAEC cells as seen in EGFR (Fig. 3A) , InsulinR (Fig. 3B) , Flt-3R (Fig. 3C) , and AKT (Fig. 3D) , and ERK1 (Fig. 3E) .
Specific inhibitors were used to block phosphorylation of these proteins to confirm that there were significant changes in arsenite-treated cells. GW2974 was used as a specific inhibitor for Flt3R, EGFR and InsulinR. As shown in Fig. 4A , inhibitors reduced cell proliferation rate indicated by the fluorescence intensity of arsenite-treated cells and among all these inhibitors, EGFR was the most effective and gave a maximum decline in cell numbers. Plating efficiency of each group decreased with RTK inhibitors such as cells treated for 3 months (A2.0-3M and A0.5-3M) and it was significantly lower in cells treated with A0.5 arsenite for a year, which had the highest plating efficiency when compared with the control (Fig. 4B) . Inconsistent with the proliferation results, EGFR-I exhibited a more potent effect than the other two inhibitors, especially in cells with higher plating efficiency. Similarly, a remarkable change was observed in anchorageindependent growth with the RTK inhibitors (Fig. 4C) . The decrease in colony number upon treatment with RTK inhibitors was most dramatic in the group that had the highest anchorage-independent growth such as the A0.5-1Y group. 
Discussion
Immortalized human small airway epithelial cells were used in these studies to analyze the phosphoproteomes of two major signaling cascades, the Phospho-RTK pathway and the MAPK. Neoplastic transformation of human small airway epithelial cells induced by arsenite has been previously reported (32) . In the present study, Phospho-RTK that included EGFR, ErbB2, ErbB4, InsulinR-1, IGFR-1, Flt3it, was analyzed. The MAPKs included extracellular signalregulated kinases (ERK1/2), intracellular kinases such as AKT, GSK-3, p70 S6, c-Jun N-terminal kinases (JNK1-3) and different p38 isoforms (·/ß/‰/Á).
EGFR was one of the most important proteins that showed alteration in its phosphorylation level after arsenite treatment among the altered phosphoproteomic profiling of arsenitetreated human small airway. It has been suggested that levels of extracellular domain of EGFR in serum may be used as a biomarker to monitor the effect of arsenic exposure and to predict individuals at a greater risk of developing arsenicinduced skin lesions after the exposure (33) . Moreover, arsenite and arsenate were found to activate extracellular signal-regulated kinases 1/2 through an EGFR-mediated pathway in normal human keratinocytes (34) . In addition, the combined treatment of EGFR inhibitors and arsenite has been demonstrated to enhance apoptosis in human EGFR-positive melanomas. This process may involve a direct suppression of the PI3K-AKT and MAPK pathways (35) . The regulatory role of EGFR protein in arsenite-treated SAEC cells was also established by the use of GW2974, a specific inhibitor for EGFR. Treatment of GW2974 reduced cell growth, plating efficiency and anchorage-independent growth of arseniteexposed SAEC cells. Therefore, phosphorylation of EGFR in response to prolonged treatment of arsenite correlated well with the existing cell models.
Other altered protein in the RTK pathways such as InsulinR also seems to play an important role in arsenite-induced toxicity since it showed ~3-4 fold change in the phosphorylation level after prolong treatment with arsenite. Altered expression of insulin receptor in type 2 diabetes mellitus has already been reported in different cell lines. Trivalent metabolites of inorganic arsenite [(iAs(III)] and methylarsonous acid [(MAs(III)] were demonstrated to inhibit insulinstimulated glucose uptake (ISGU) in 3T3-L1 adipocytes. Moreover, the suppression of the PDK-1/PKB/AKT-mediated transduction step is the key mechanism for the inhibition, and possibly for impaired glucose tolerance associated with human exposures to iAs (36, 37) . It has been shown that transplacental arsenite exposure at a carcinogenic dose could produce aberrant estrogen-linked pulmonary gene expression in a mouse model. The insulin growth factor system that can be affected by estrogen receptor was also activated in fetal lung after gestational arsenic exposure (38) . Interestingly, research also showed that arsenite and insulin exhibit opposing effects on epidermal growth factor receptor during arsenite induced keratinocyte proliferation (39) . The up-regulation of insulinR in the arsenite-treated SAEC cells also suggested the involvement of this protein in the cellular responses to chronic arsenite treatment and thus establishing a link between arsenite exposure and the receptor tyrosine kinase signaling.
Another protein that showed a dramatic change in the phospho-RTK array was Flt3-R that exhibited an increase of several fold in phosphorylation level in arsenite-treated SAEC cells. Flt3-R usually serves as a candidate target gene Figure 4 . Growth characteristics of arsenite-treated SAEC cells by the effect of RTK specific inhibitors: (A) Cell proliferation rate (fluorescence intensity), (B) plating efficiency, (C) anchorage-independent growth ability indicated by colony number. The GW2974 was used as a specific inhibitor for EGFR and reduced cell growth, plating efficiency and anchorage-independent growth of arsenite-treated SAEC cells. The 2-(3, 4-dimethoxy-benzoylamino)-4,5,6,7-tetrahydro-benzothiophene-3-carboxylic acid was used as an inhibitor for Flt3R (1 μM/ml).
for a second mutation in ~40% of human acute promyelocytic leukemia cases. Mutations in Flt3, including internal tandem duplication, occur in the juxtamembrane domain at which arsenite trioxide is the most potent signal transducer (40, 41) . Flt3 internal tandem duplication is a prevalent mutation in various signaling pathways including the MAPK/extracellular signal-regulated kinase (ERK) pathway (18) . However, to the best of our knowledge, the role of Flt3 in phospho-receptor tyrosine kinase pathway has not been documented in other systems. Therefore, our finding in this study may implicate a novel role of Flt3-R in arsenite-induced responses and further studies will be needed to reveal the molecular mechanisms related with such response.
Our results also indicated that certain MAPKs are activated by arsenite treatment. ERK1/2 as an important member of the MAPK pathway has been shown to be activated by exposure to combustion-derived metals in human bronchial epithelial cells (42) . It was also demonstrated that ERK1/2 is activated by As (+3) in human lung adenocarcinoma cells (43) . Inconsistent with these previous observations, our results showed >9-fold increase in ERK1/2 phosphorylation. Further studies on the underlying mechanisms of this up-regulation will shed light on how ERK1/2 exerts its critical role in arsenite-induced toxicity.
Arsenite has been used as a chemotherapeutic drug to treat acute promyelocytic leukemia cases (44) . Thus, sodium arsenite seems to trigger caspase activation by activation of AKT1 and downstream glycogen synthase 3ß (GSK3ß), which are crucial for caspase signaling network AKT1 activation they also can act as an alternate cell survival pathway that is mediated via PI-3 kinase and p38 and bypass the activation of EGF receptor in cultured human keratinocytes (45) . In the present study, both short-term and prolonged arsenite treatment induced AKT activation, though to a less extent compared with the activation of ERK. The activation of AKT in response to arsenite was confirmed by Western blotting, suggesting the involvement of AKT-related pathways in arsenite-induced toxicity in SAEC cells.
In conclusion, differential profiling of pathway specific phosphoproteins can elucidate different stages of the carcinogenic process, which is induced by different doses and duration of arsenite treatment. Studies on both short-and long-term exposures can provide valuable comparative information on prolonged genetic alterations associated with slow and steady arsenite exposure as occur in natural condition. These phosphoproteins are also related with other important proteins in different cell cycle pathways. Therefore, information obtained in this study can be used to identify a common link among interrelated pathways in response to arsenite. The involvement of two important (e.g., RTKs and MAPKs) phosphoproteomes would contribute to the understanding of the genetic and epigenetic regulations in arsenite-exposed cells. As arsenite is one of the major pollutants for inducing lung cancer, results obtained from growth curve, plating efficiency and anchorage-independent growth of arsenitetreated SAEC cells is helpful in the study of arsenite-induced carcinogenesis. Future studies to elucidate the underlying molecular and cellular mechanisms based on our phosphoproteomic data will help to specify the role of arsenite as a toxic substance as well as a chemotherapeutic agent.
